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Abstract. In this paper we analyze the matrix differential system X' = [N, X 2],
where N is skew-symmetric and X (0) is symmetric. We prove that it is isospectral
and that it is endowed with a Poisson structure, and we discuss its invariants and
Casimirs.

Formulation of the Poisson problem in a Lie—Poisson setting, as a flow on a dual
of a Lie algebra, requires a computation of its faithful representation. Although the
existence of a faithful representation, assured by the Ado theorem and a symbolic al-
gorithm, due to de Graaf, exists for the general computation of faithful representations
of Lie algebras, the practical problem of forming a “tight” representation, convenient
for subsequent analytic and numerical work, belongs to numerical algebra. We solve
it for the Poisson structure corresponding to the equation X’ = [N, X?].
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1. Introduction

The subject matter of this paper is the matrix system of ordinary differential equa-
tions,

X' =[N,X*, t>0, X(0)= X, e Sym(n), (1.1)

where N € so(n) is given. Here Sym(n) and so(n) denote the symmetric space of
real n x n symmetric matrices and the Lie algebra of real n x n skew-symmetric
matrices, respectively. It is easy to observe (and will be formally proved in the
sequel) that X (t) € Sym(n) for all # > 0.

Our interest in the system (1.1) is motivated by four reasons. First, it is trivial
to verify that (1.1) can be rewritten in the form

X' =[N,X1X+X[N,X], t>0, X()=X,eSymm), (1.2)

where [A, B] = AB — BA is the standard matrix commutator. Since [N, X] €
Sym(n) for N € so(n), X € Sym(n), the system (1.2) is a special case of a
congruent flow

X =AX)X+XAT(X), t>0, X(0)= X, e Sym(n), (1.3)

where A: Sym(n) — M(n) is sufficiently smooth: here M(n) denotes the set
of real n x n matrices. It is easy to verify that X(¢) = V(¢)Xo VT (t), where
V' = A(VXoVT)V, V(0) = I.Inother words, the solution of (1.1) is an outcome
of the general linear group GL(n) acting on Sym(n) by congruence. This implies
the presence of a number of invariants: the signature of X (t) is constant, and so is
the angular field of values, F'(X) = {y*Xy: y € C"\{0}} (Horn and Johnson [14]).

Having said so, action by congruence per se is not very interesting and systems
(1.3) have never attracted much attention. However, intriguingly, the differential
system (1.1) is subject to another group action: it is acted on by the special or-
thogonal group SO(n) by similarity. Specifically, letting B(X) = NX + XN, we
can write it in the form

X'=[B(X),X], t=0, X(0) = X, € Sym(n). (1.4)

Any system of the form (1.4), where B(X): Sym(n) — so(n) (as it does in our
case) is isospectral: the eigenvalues of X (¢) are invariant. The underlying reason,
which we have already indicated, is an SO(n) action by similarity,

X(t)=00XoQ '), t>0, (1.5)
where Q € SO(n) is the solution of
Q' =B(QXoQ™HQ, t>0, Q) =1

Note, incidentally, that, by virtue of orthogonality, 0! = QT, therefore an
isospectral flow is a special case of congruent flow. Having said so, isospectral flows
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have received much greater attention than their congruent counterparts, since their
invariants are considerably more interesting and feature in a number of important
applications,

e The Toda lattice equations of near-neighbor interaction between unit-mass
particles can be translated to this form. This is an important tool in their
analysis (Flaschka [12]; Toda [21]).

e The familiar QR method for the computation of matrix eigenvalues can be
interpreted as sampling a specific isospectral flow at unit intervals (Symes
[20]). This insight into the connection between processes in numerical linear
algebra and differential flows is fundamental and has spawned much further
research (Deift, Nanda, and Tomei [10]; Watkins [23]; Chu [7]).

e The identification of linear-algebraic processes with differential flows has led
to new algorithms for several important problems. An excellent example is
the work of Chu [6] on the inverse eigenvalue problem for symmetric Toeplitz
matrices. Another relevant reference is Bloch, Brockett, and Ratiu [3].

e Letting B(X) = [N, X], where N € Sym(n), leads to the double-bracket
flows, which have attracted a great deal of attention in the last decade (Brock-
ett [5]; Chu and Driessel [8]; Bloch et al. [3]; Bloch, Brockett, and Crouch
[2]; Bloch and Iserles [1]).

e The structure of the matrix N plays a key role in the theory and applications
of double-bracket flows. In particular, it assumes a special diagonal form
in generalized Toda flows (Bloch et al. [3]) and takes various other forms
in linear programming and related problems (Brockett [5]). It may also be
time dependent in certain applications of this theory to computing. This is a
significant point to emphasize, since it might be of interest to consider special
forms of N in (1.1) and eventually time-dependent N and N = N(X). We
do not pursue this issue further in this paper.

To recap, the differential system (1.1) is evolving under two distinct group
actions. This makes it fairly unusual (although by no means unique) and worthy
of further analysis.

Another aspect of equations (1.1) that renders them interesting is that they are,
in a sense, dual to the generalized rigid body equations

M =[Q,M], t=0, M) € so(n),

where M = QJ + J2, J € Sym(n) (therefore, 2 € so(n)) (Manakov [16]). This
point will be further elaborated on in Section 3.

Our final motivation for the study of (1.1) originates in the apparent behavior
of their solutions. Thus, for example, we have computed numerically the solution
of the system for

0
N=|-1
0

—_— O =
oS = O
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Fig. 1. The phase portraits (x;2, xx ;) for (k, 1) = (1, 1), (1, 3), (2, 2), (2, 3), (3, 3), with a random
initial condition.

In Figure 1 we display the phase portraits of the solution. Clearly, the solution
displays a great deal of regularity and apparently it evolves on invariant tori. Similar
behavior is obtained for other matrices N, also in a larger number of dimensions.

It is fair to say that this kind of regular behavior seldom arises at random.
Typically it is an indication of a deeper structure, often either Hamiltonian or
related to Hamiltonian. The purpose of this paper is to probe and understand this
structure and this is discussed further in Bloch, Iserles, Marsden, and Ratiu [4].

In Section 2 we prove that the matrix system (1.1) can be, at the first instance,
written as a set of almost-Poisson equations,

X =Sx)VH(x), t>0, x(0) = xy € RW/2ntD, (1.6)
Here x is the upper-triangular portion of the symmetric matrix X, “stretched” as a

vector, the smooth function § € so (%n (n+ 1)) is linear and homogeneous and the
Hamiltonian H is smooth and nonnegative. Moreover, we verify that the structure

matrix S obeys the Jacobi identity: for every p,q,r = 1,2, ..., %n(n +1)itis
true that
(1/2)n(n+1)
N 98, , a5,
[ PL Sy + —2Skp + —*”Sk,q} =0. (1.7)
=1 3xk 8)Ck axk
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Therefore

{(figt=(VNHTS(Ve)

defines a Poisson bracket and (1.6) is a Poisson system. This has important implica-
tions, which we discuss briefly and which will be discussed more comprehensively
elsewhere.

Section 3 is devoted to a preliminary investigation of a critical aspect of Poisson
flows, focussing on their invariants and Casimirs. We prove that (1.1) has ~ %nz
invariants and at least two Casimirs: det X and 1T NX1. A forthcoming paper
discusses the integrability of (1.1) in detail, identifies all the Casimirs in two
relevant Poisson structures, and proves involutivity of the relevant integrals of
motion (Bloch et al. [4]).

The main computational content of the paper is Section 4. A Poisson system
can be written in a Lie—Poisson form, as a flow over an orbit in a dual g* of
a Lie algebra g which is determined by the elements of the structure matrix S.
Specifically, recalling that S is linear and homogeneous in x, there exist structure
constants c;’q, p.q,r=1,2,...,m,where m = %n(n + 1), such that

m

Sp,q(x)=Zc;qqx,, p,g=12,...,m.
r=1

Skew-symmetry of S is equivalent to
clr,’q—i—c;’p:O, p.qg,.r=1,...,m, (1.8)

while the Jacobi identity (1.7) is equivalent to

m
Z(c;,'qcff,r +cg,rcf,p+ci’pcf,q) =0, p.q,r,s=12,...,n. (1.9
i=1

Now, (1.8) and (1.9) are precisely the conditions for the {c}, ,} to form structure
constants of a finite-dimensional Lie algebra (Olver [18]). Let us denote this algebra
by g and assume that {E, E», ..., E,} is its basis. Moreover, let us suppose that
{F\, F, ..., F,}form the basis of the dual g* (the linear space of linear functionals
acting on g) and that (Fy, E;) = x5, k, 1 =1,2,..., m, where

(Y, Z) =tw(Y'2)
and &y ; is the familiar Kronecker delta. The following construction is general to

all Poisson systems (Marsden and Ratiu [17]). We associate with x, the solution
of (1.6), an element of g*, namely

Y(t) = Zxk(t)Fk.
k=1
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With minor abuse of notation, we let H(Y) = H (x). Then (1.6) is equivalent to
Y =—adyy Y. 120, YO =) x(0)F, (1.10)
k=1

where ad” is the adjoint operator in g* and H'(Y) = 0H(Y)/0Yp.4)p.g=1,....m-

The formulation of a Poisson system as a flow in g* is advantageous for a
number of analytic and numerical reasons (Engg and Faltinsen [11]; Lewis and
Simo [15]; Marsden and Ratiu [17]). However, practical implementation of (1.10)
requires a representation of Fy, F», ..., F,, by matrices. In principle, this can be
done since, by the Ado theorem, every finite-dimensional Lie algebra possesses
a faithful representation (Varadarajan [22]). Yet, the Ado theorem falls short of
providing such a representation in an explicit form. In principle, it is possible to use
symbolic algebra to this end: in a beautiful paper, de Graff [9] demonstrated how to
render Ado’s original proof into a constructive algorithm. Yet, this falls short of our
requirements. First, the algorithm delivers the Ej’s, but not a biorthogonal basis
of g*. Second, and more importantly, the size of matrices in de Graff’s algorithm
increases exponentially with m, while practical work with (1.10) requires either a
minimal representation or, at the very least, one which is fairly small. In Section 4
we introduce a numerical, linear-algebraic algorithm that performs this task for
our specific Lie—Poisson flow and produces matrices of size (2n — 2) x (2n — 2).

Assuming without significant loss of generality that n is even, any N € so(n)
can be reduced by a real similarity transformation to a tridiagonal matrix with
2 x 2 skew-symmetric blocks along the diagonal. Since we can subject X to a
similar transformation, we could have assumed at the outset that N is of this form.
Occasionally this leads to simplification, often it does not. Our impression is that,
overall, it is more convenient to assume that N is a general so(n) matrix, but more
detailed examination of specific aspects of (1.1) might well benefit from such a
similarity transformation (Bloch et al. [4]).

Inasmuch as this is a paper on a specific Lie—Poisson system and the repre-
sentation of “its” Lie algebra, we address ourselves to a particular instance of
a considerably more general problem. Given structure constants {c;, ,} that obey
(1.8) and (1.9), hence being within the conditions of the Ado theorem, determine
a small faithful representation of the underlying free Lie algebra. This is, essen-
tially, a problem of numerical algebra which, to our knowledge, has been never
addressed by numerical algebraists. A major goal of the present paper is to demon-
strate that, at least in one case, this problem is tractable. The general case remains
as a substantive challenge.

2. From a Differential Flow to a Poisson System

An ordinary differential system is said to be almost Poisson if it is of the form

X =S®VHx), t>0, x(0) =xg € R", 2.1



On an Isospectral Lie—Poisson System and Its Lie Algebra 127

where H: R" — R (the Hamiltonian) and the linear, homogeneous matrix function
S: R™ — so(m) (the structure matrix) are sufficiently smooth. The constants
{¢} 4Yp.q.r=1,...m such that

m
Spq(x) = E c;,’qx,, p,gq=1,...,m,
r=1

are called the structure constants of (2.1) with respect to a basis of R” implicitly
defined by the representation of x. Note that

c;’q—i—c;’p:O, p,qg,.r=1,...,m. (2.2)
Our contention is that (1.1) is almost Poisson. Writing (1.1) in a coordinate-by-

coordinate fashion, it becomes

n n
/!

xp,q = Z Z(np,rxr,sxq.s — Ny sXprXgs — NrsXpsXq,r + nq,,qusx,,s)
r=1 s=1

for p,g =1,...,n.By virtue of N € so(n), however, once we swap the indices
r and s we have

n

n n n n n
E E ”r,sxp,sxq,rZE E ”s,rxp,rxq,sz_E E NrsXp,rXq,s-

r=1 s=1 s=1 r=1 r=1 s=1

Thus, taking into account the symmetry of X, we obtain m = %n(n + 1) equations

n

/

Xpg = E (np,rxq,r+nq,rnp,r)-xr,r
r=1

n—1 n

F23 0 paXys +ngrXp)rss (pq) €1y (23)

r=1 s=r+1
where

Writing (1.1) in an almost-Poisson form, we need to “stretch” {x, 4} (p.¢)eJ, Int0
a vector x € R™. It is helpful to retain both indices of the elements of X, while
ordering them lexicographically: for example, for n = 3 we have m = 6 and

.
x=[x;1 X2 X13 X22 X33 X33] .

Note that we may occasionally use x, ;, with p > ¢, since this makes our presen-
tation more transparent. In that case, of course, x, ; = x4, ,.
We set

n n—1 n
HE) = 5IXIE=5Y"x2 +) Y x2, 2:4)
r=1

r=1 s=r+1
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hence (2.3) can be rewritten in the form

non dH (x)
X, = Z Z(np,,xqs +ngrXps) P (p,q) €1,
[

r=1 s=r

This form looks tantalizingly similar to (2.1), except that letting S, 4, ¢5)(X) =
Ny Xq,s+ng X, s doesnotlead to a skew-symmetric matrix. However, identifying
Xq,p = Xp,q yields

& 0H (x)
Xpg =Xy p =D ) gty + np,rxq,s)ax—”v (P, q) €.

r=1 s=r
We now average the two expressions: the outcome is

3H (x)

-, ,q) €1,
o, (P, q)

Xpg = 2 § : (RprXgs +NpsXgr +NgrXps+NgsXp,r)
(r,5)€l,

This is consistent with the almost-Poisson form (2.1), once we define the Hamil-
tonian H by (2.4) and let

S(P»q)»(rvs) (x) = %(np,rxq,s +np,sxq,r +nq,rxp,s +nq,sxp,r)v (Py Q)v (r7 S) € Jn .

2.5)

If S obeys the Jacobi identity (1.7) (with %n(n + 1) replaced by m), the almost-

Poisson equations (2.1) are said to be a Poisson (or, alternatively, Kostant—Kirillov—

Lie—Souriau) system (Marsden and Ratiu [17]). In that case, as already stated in
Section 1, the structure constants obey the identities

m
i K i K i s . .
E (cpchi,r +e,.Cpt c,ypciyq) =0, p.q,r,s=1,...,m. (2.6)
i=1

Theorem 1. The system (2.1) with the Hamiltonian (2.4) and the structure matrix
(2.5) is Poisson.

Proof. The matrix S is linear and homogeneous in x. Moreover, N € so(n) and
X € Sym(n) imply at once that S € so(m). The system is thus almost Poisson.
The structure constants associated with S are

(k.1)

_ lrekD) (k1) (k1) (k,1)
Coa.r) = 20 tpr 8 nps + 8 5N r +8(, 5,51,
(P, q), (r,s), (k, 1) € 1y, 2.7
where 68‘]]; is the “symmetrized” Kronecker delta,

skb _ I, G j)=W&"DorG,j)=Uk),
@7 710, otherwise.
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It is possible to prove directly that the above structure constants satisfy the Jacobi
condition (2.6). This requires a great deal of fairly tedious algebra. Instead, we
follow a (gratefully acknowledged) suggestion of Peter Olver, which identifies
the structure constants (2.7) with an unusual Lie algebra. Let ¥, Z € Sym(n),
N € so(n), and let

[Y,Zly = YNZ — ZNY. 2.8)

This is a proper Lie bracket, since [Z, Y]y = —[Y, Z]y and

(X, Y, ZIlnly + [V, [Z, XInIn + [Z,[X, YININ
{(XN(YNZ — ZNY) — (YNZ — ZNY)NX}
+{YN(ZNX — XNZ) — (ZNX — XNZ)NY}
+{ZN(XNY —YNX) — (XNY —YNX)NZ}
=0

—hence the Jacobi identity. Since Sym(n) is a linear space, it follows at once that,
once accompanied by the bracket (2.8), it is a Lie algebra, h,,(N), say.
We now define

Hpy 4 = %(e,,e; +eqe;), (P, q) € Jn, 2.9

where e, € R" is the nth unit vector, and note that {H,, ,: (p, ¢) € J,} form a basis
of Sym(n). A straightforward computation confirms that

[Hp,q’ Hr,x]N = %(np,qu,s + ”p,qu,r + nq,er,.v + nq,pr,r)7
(p,q), (r,s) €y,

where we identify H,, , = H, ,. Therefore, (2.7) are the structure constants associ-
ated with the underlying basis. Hence they satisfy (2.6) (with obvious amendments
to cater for “double” indices), we deduce the Jacobi identity, and conclude that the
system (2.1) is indeed Poisson. O

In Section 4 we are concerned with a faithful representation of the Lie alge-
bra associated with the structure constants (2.7). Here we just state the obvious:
(2.8) is not a representation, faithful or otherwise: a representation is defined with
the standard matrix commutator [Y, Z] = YZ — ZY. To the contrary! Once we
derive a faithful representation of the Lie algebra associated with the structure
constants (2.7), motivated by our goal to represent (1.1) as a Lie—Poisson flow, we
simultaneously obtain gratis a faithful representation of f, (N).

Further discussion of the Poisson structure for the system (1.1) is given in Bloch
et al. [4].
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3. Invariants
3.1.  Lax Pairs and Their Consequences

It is of interest to compute the invariants for the flow of the system (1.1). We bear
in mind that, by virtue of the isospectral representation (1.2), we already know that
the eigenvalues of X or, alternatively, tr X kfork=1,2,...,n—1,are invariants.
This section represents preliminary investigation into the integrability of (1.1) and
we mention in passing that, since the completion of this paper, the issue has been
settled out comprehensively in Bloch et al. [4].

One way to compute additional invariants is to rewrite the system as a Lax
pair with parameter. One can do this in a fashion which is similar to that for the
generalized rigid body equations, see Manakov [16].

Theorem 2. Let A be an arbitrary time-independent parameter with values in R.
The system (1.4) is equivalent to the Lax pair system

(X +AN) =[NX + XN + AN?, X + AN]. 3.1

Proof. The proof is a computation. In particular, we can verify that the coefficient
of A on the right-hand side of equation (3.1) is given by

A(INX + XN, N1+ [N?, X])
= AMNXN + XN?> — N’X — NXN + N>X — XN?),

which is zero. O

We recall from Manakov [16] and Ratiu [19] that the left-invariant generalized
rigid body equations on SO(n) may be written as

M =[M,Q, t>0, M©O)= M, < son), (3.2)

where QO € SO(n) denotes the configuration space variable (the attitude of the
body), 2 = Q7' Q’ € s0(n) is the body angular velocity, and

M= J(Q) = AQ + QA € so(n)

is the body angular momentum. Here J: so(n) — so(n) is the symmetric, positive
definite (and hence invertible) operator defined by

J(Q) = AQ + QA,

where A is a diagonal matrix satisfying A; + A; > Oforalli # j. Forn = 3 the
elements of A; are related to the standard diagonal moment of inertia tensor / by
L=MA+A35, b=Az+ A,z =A1+ Ao
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In this case the generalized rigid body equations as Lax equations with param-
eter due to Manakov take the form

d
E(M +AA%) = [M + 1A%, Q + LA (3.3)

Note the contrast with our setting: in the Manakov case the system matrix M
is in so(n) and A is a symmetric matrix, while in our case X is symmetric and
N € so(n).

For the generalized rigid body the nontrivial coefficients of X in the traces of
the powers of M + AA? then yield the right number of independent integrals in
involution to prove integrability of the flow on a generic adjoint orbit of SO(n)
(identified with the corresponding coadjoint orbit).

Similarly in our case the nontrivial coefficients of A in the traces of the powers
of X 4+ AN yield conserved quantities of motion:

tr(X + AN)* = const, k=1,2,....,n—1, AreR.
Therefore, expanding the power and assembling equal powers of A,

trz Z XONI YR XN = const,
li|=r |jl=k—r
r=1,...,k, k=1,...,n—1.

Here i is a multi-index and [i| = ) qlq- However, since a trace of a matrix equals
the trace of its transpose, X € Sym(n) and N € so(n), it is true that

tr XU NI X2 XN = (_1)V| tr NB Xos ... XN X
Therefore, if k — s is odd, then, necessarily,

wY Y X"NIX".. XNk =0
lil=r |jl=k—r

and only even k — s qualifies as an invariant. Thus, we are left with the invariants

o o k—1
t XN X2 XSNB, k=1,...,n—1,r=0,1,..., | —|.
r2 2 w1y =
li|=k—2r |j|=2r
(3.4
Altogether, this results in

Ln J n+1

—| %

2 2

invariants. Building upon the results of this subsection, independence and involu-
tion of these integrals are addressed in Bloch et al. [4].
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3.2. Casimirs

It is natural to attempt an analysis of Casimirs for our system with our given
Poisson structure. Recall that given two smooth functions f, g: R™ — R and the
skew-symmetric function S(y) from (2.5), the Poisson bracket is

(L8l = VIO SOVem =D > ﬁf)%w gy(y)'
! J

i=1 j=1

A Casimir of the Lie—Poisson system (2.1) is a function C which is in invo-
lution (with respect to the above Lie bracket) with all other functions on the
Poisson manifold (Marsden and Ratiu [17]). According to the Darboux theorem,
if S(x) is (locally) of constant even rank m — «, say, where « > 1, then there

exist o Casimirs, cj, ¢z, ..., Cy, Say, Which are themselves in involution. They
satisfy

{ck,g} =0 for all smooth g. (3.5)

Each Casimir is a first integral of the Lie—Poisson system.

Extensive experimentation with MATLAB, generating a large number of matrices
S using random N € so(n) and X € Sym(n), seems to indicate that « = |[(n +
1)/2]. Note that, in that case, m —«a = 2|n/2]| x |(n 4+ 1)/2] is indeed even.

Lemma 3. Suppose that n > 3 and Xo, N # O, where O is the zero matrix.
Then it is true for the system (2.1) with the structure matrix (2.5) that o« > 2.

Proof. We will demonstrate that « > 2 by singling out two linearly independent
eigenvectors v, w € R™ that correspond to a zero eigenvalue, Sv = Sw = 0.

We first assume that both X and N are nonsingular. The elements of the eigen-
vectors will be denoted by the usual double indices. We first let

1 _
v, = E(X l)p,p’ P=q,
P4 (Xil)[),lp p < q

Therefore, using (2.5) and exploiting as necessary symmetry of X and V and
skew-symmetry of N,

(SVpg = Y StV
(r,s)el,

n n

1
=2 Z Z(nlhrxq,s + 1y X+ g Xps + g sXp ) Vs

r=1 s=r

n n
1 -1
=3 Z Z(le,rxq,s +npsXgr g rXps + g sXp ) (X s

r=1 s=1
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n n n n
= % |:Z np.r qu,s (X_l)s,r + an,s qu,r(X_l)r,s
r=1 s=1 s=1 r=1
n n n n
D SIT SENE ST S zx,,,mx—l),,s}
r=1 s=1 s=1 r=I1

= %(”p,q +npq+ngpt+ngp =0.

Therefore, indeed, Sy = 0.
Likewise, we set

(N Dpgs P<q.
The proof of Sw = 0 follows in an identical manner, because each S, 4) ¢-s) 1S
symmetric in X and N.

The requirement that X and N are nonsingular can be easily lifted, replacing the
inverse by an adjugate matrix, as necessary: because of our assumptions, v, w # 0.
Since X € Sym(n) cannot be a multiple of N € so(n), the vectors v and w are
linearly independent. This concludes the proof. O

LN =
wpq:{z(N )P»P’ p q,

Note that, in a sense, v and w are “dual” to each other: while v = v(x), but is
independent of N, w is dependent solely on N.
The following result identifies two Casimirs of the system (1.1).

Theorem 4. Let ¢1(X) = det X. Then, for every (p, q) € J,, it is true that

1 dci(X
L e xy o k=12..m,
CI(X) axp,p

I e (X) _ 20X
c1(X) 3x,, P4

and c is a Casimir of the system (1.1). Likewise,
e2(X) = 317 (adj N) X1,

where adj N is the adjugate matrix of N and is a Casimir of (1.1) for N # O.(We
may replace adj N by N~' if N is nonsingular.)

Proof. Wedenoteby A, , amatrix A from which we have excised the pth column
and the gth row. Thus,

det X, , _ (_1yra det X, 4

X, =(=1)rt :
X pg =D det X c1(X)
Therefore, it is enough to prove that

1 X) _ iy dc1(X)
- p.p

=2(—D)P*detX,,, p#q.

0xp,p 0Xpq



134 A. M. Bloch and A. Iserles

For p = [ the element x,, , appears just once in X and taking the derivative of
¢1(X) = det X with respect to x, , replaces the pth row and the pth column by
e, and e, respectively. Thus, 9 det X /dx, , = det X, .

For p # ¢ the term x, , appears twice in X and the derivative is thus a sum
of two determinants: one when the pth row is replaced by e; and the gth column
by e, and the other when the pth row and the gth column are replaced by eqT and
e,, respectively. Because of symmetry, both determinants equal (—1)7*7 det X, ,.
This completes the proof.

Consequently, ¢ (X) = det X is a Casimir iff

n n—1 n
Z S(p,q),(r,r) (Xil)r.r +2 Z Z S(p,q),(r,s) (Xil)r,s =0
r=1

r=1 s=r+1

for every (p, q) € J,. This, however, follows at once from the proof of Lemma 3,
once we observe that the partial derivatives of ¢, scaled by cfl (X), are precisely
the elements of the vector v therein.

The proof that ¢, is a Casimir follows from the observation that, once we
consider the “reduced” system with m = %n(n + 1), it is true that

dea(X s@djN),,, p=aq,
e ( )_{2(J e

axP»‘] B (ad_l N)p,qa P <4q,

This, according to Lemma 3, is an eigenvector of S: the proof therein was for
N~! = (det N)~'adj N but, as already remarked, it is equally valid for the adjugate
matrix. 0

Of course, we already know that det X is an invariant of (1.1), since the latter’s
equivalence with the isospectral system (1.2) implies that the product of the eigen-
values of X is constant. This, of course, does not mean that all invariants implied
by isospectrality are Casimirs. For example, letting ¢(X) = tr X, we readily have

dc(X) - -
Z S(p,q),v,s)v = Z Stp.g).rr) = Z(”p,rxq,r +1g.,%p.r) =[N, Xlpg,
(r,s)€l, s r=1 r=1

which cannot be expected to vanish for all (p, g) € J,.

Needless to say, we do not claim that ¢; and c¢; are the only Casimirs of (1.1).
The full resolution of integrability, Casimirs, and other invariants of the system
are deferred to Bloch et al. [4].

4. Lie-Algebraic Representation and Its Computation

We proved in Section 2 that {c(y) .+ (p.q). (r.s). (k.1) € J,} obey (2.2) and

(2.6), hence are structure constants of an m-dimensional algebra g. This algebra



On an Isospectral Lie—Poisson System and Its Lie Algebra 135
is defined formally as a free Lie algebra
g =FLA(E,  : (p.q) € 1n), 4.1

where E, , are (for the time being) purely formal letters, equipped with the com-
mutation relation

[Ep,q’ Er,s] = %(np,rEq,s + npqup,gEq,r + nq,rEp,s + nq,sEp,r)3
(pv q)v (rv S) € Jnv (42)

(see (2.5) or (2.7)). In other words, elements of g are linear combinations of the
E, ;’s (which are presumed linearly independent) and its closure under commu-
tation is assured by (4.2).

4.1. The Algorithm

We recall from Section 1 that our ultimate goal it to construct representations
of g and of g* which are orthogonal to each other with respect to the Frobenius
inner product (Y, Z) = tr(Y " Z). Note, however, that once we determine a faithful
representation of g which is orthogonal—for every (p, q), (r, s) € 1,, (Ep 4, Er5)
is zero if (p,q) # (r,s) and m, , > 0if (p,q) = (v, s)—we may take F, , =
T, }l E, ;. This follows at once from the Riesz representation theorem for linear
functionals once we observe that (-, -) is the standard Euclidean vector inner
product, hence defining a Hilbert space.

Although, as mentioned in Section 1, the existence of a faithful representation
of g is assured by the Ado theorem, the latter does not provide us with specific
linearly independent matrices E, , (without fear of confusion, we use the same
notation for formal words in (4.1) and for their representation). This motivates the
work of this section, central to the entire paper. We consider the problem of finding
a faithful representation of (4.1) as an exercise in numerical algebra and present
an algorithm to this end.

Let us assume first that | N|| = 1, where || - || is the standard Euclidean matrix
norm. Clearly, we may exclude the trivial case N = O, hence our assumption is
merely a time-reparametrization of the system (1.6): Once we find a representation
subjectto || N|| = 1, we can generalize it immediately for any N # O, multiplying
each E, , in (4.1) by || N].

Proposition 5. The Hermitian matrix [ +i N is positive semidefinite and singular.

Proof. The proposition follows at once from the observation that o (I +1i1N) =
1+ioc(N),c(N) C iR, and p(N) = |[N|| = 1, where ¢ and p denote the
spectrum and the spectral radius, respectively. O
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We seek an n x n complex upper-triangular matrix R such that
R*R=1+1iN,

and which is in a standard form: For each row k the first nonzero term (if any)
is Ry ;, > 0, where the i;’s form a strictly monotone sequence, and all zero rows
are at the bottom. Note that Proposition 5 implies that the bottom row of R is
necessarily composed of zeros. (The term “standard form” is borrowed from the
usual terminology of QR factorization (Golub and van Loan [13]).) Precise details
of how to compute R are deferred to the next subsection.

We now remove the bottom row of R and denote the new matrix by R. If R has
more rows of zeros, we excise them as well but in the sequel we treat merely the
generic case when R is (n — 1) x n—an extension to the general case is trivial.
Let

B = ReR, C = ImR.

[

and denote its columns by a;, as, ..., a, € R>2,

Moreover, we set

Proposition 6. The following is true:

B'B+C'C =1, 4.3)
B'C-C"B = N, (4.4)
aja, = 8,4,  pg=12,....n, 4.5)
ayJa; = npy  pg=12....n, (4.6)
where J = |:_01 é] is the standard (2n — 2) x (2n — 2) symplectic matrix.

Proof. Recalling the definition of R,
R*'R=R*R=1+iN.
On the other hand, R = B +iC implies that
R*R=(B"—iCH(B+iC)=B'B+C'C)+i(B"C-C"B).

Taking real and imaginary parts proves (4.3) and (4.4), respectively.

To prove (4.5) and (4.6), we denote the columns of B and C by by, ...,b, €
R landecy,...,¢c, € R"!, respectively, and compute directly while exploiting
(4.3) and (4.4):

b

a;“q =, ] |:C;1i| - (b;—bq +c;cq) =BTB+C'C)py=38p4
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and

a,Ja, =[b) c,] |:_01 éi| [I:Z:| =b,c,—c by =(B'C—C'B),,=n,,.

O

Theorem 7. Let
Epq = @pa] +aa))J,  (p,q) € Jy. 4.7)

Then

(a) The set {E, 4. (p,q) € J,} obeys the commutation relations (4.2) and
therefore is a representation of the Lie algebra g.
(b) The above representation is faithful and, moreover,

- %’ p = q =7 = S’
wE, E.s=11, (p,@)=@s), p<q, (p.q),(rs) €, (4.8)
0, (p,q)#s),

Proof. We prove (a) by direct computation, repeatedly using (4.6) as necessary.
Let (p, q), (r, s) € J,,. Then, using the skew-symmetry of N,

[Ep,qa Er,s] = %[(apa; + aqa;l,—)-], (ara;r +asa;r).]]
= i@, Ja)a,a] + (a) Ja)aa] + (@, Jay)aa]
+ (zll;,rylax)tlt,clrT — (aSTJap)a,aJ — (a,TJa,,)asaJ

— (a;r Ja, )a,a; — (a;r Ja, )asa‘;r W

1 T T T T T T
iy (aga; + a.a, ) +npsaga, + a.a, ) +ng.r(apa; + asap)
T T
+ngs(apa, + aa, ¥
1
= i(np,rEq,s + np,sEq,r + nq,rEp,s + nq,sEp,r)~

This confirms that the £, ,’s obey (4.2) and thereby proves (a).
To prove part (b) of the theorem we observe that J € O(n) and use (4.5):

wE) E., = wE, E = jtul@a, +a,a,)]]  @a] +aa])]
= % tr[(apa; + aqa;)(araxT + asa,T)]
=3 t1r[(a(;ra,)a,,asT + (a;]rczx)a,,a,T + (a;a,)aqaxT + (a;as)aqarT]
= %(‘Sp,r‘sq,s + 8p.58q.r)s

where we have used the identity traxa;” = a; a;. This proves (4.8).
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Since the E, ,’s form an orthogonal set (with respect to the Frobenius norm),
they are in particular linearly independent. Therefore the representation is
faithful. 0

4.2.  The Computation of R

We have used just a single feature of the matrix R, namely that R*R = I+i N.(The
fact that the bottom row is zero and, indeed, that all zero rows are at the bottom of the
matrix, is helpful in deriving smaller matrices but not required for the construction
of the faithful representation at the first place. Hence, at least in principle, we may
abandon the requirement that R is in a standard form, reconciling ourselves to
larger matrices.) One procedure that is assured to produce R in a standard form is
the OR factorization QR of the Hermitian, positive semidefinite, singular matrix
(I +iN)'/2, where Q € U(n) and R is upper-triangular and in a standard form.
Once we abandon the requirement that R is upper-triangular, hence reconciling
ourselves to somewhat larger matrices, an alternative is a polar decomposition
I +iN = QR, where Q € U(n) and R is Hermitian and positive semidefinite.
However, the most promising route is the Cholesky factorization, which factorizes
a positive definite matrix into the product R* R, where R is upper-triangular with
real, positive diagonal.

We note in passing that we can replace R at will by PR, where P € U(n).
(Indeed, it is trivial that the manifold of all n x n complex matrices R such that
R*R = I +1iN is acted multiplicatively from the left by U(n).) Alternatively, we
can bypass R altogether and construct a matrix A, with n columns and an even
number of columns, such that

ATA =1, ATJA =N,

except that this is not necessarily the easiest route.

There exist perfectly good routines (e.g., LINPAKC’s cCHDC and NAG’s
f01bnc) that produce the Cholesky factorization of a Hermitian positive defi-
nite matrix, and they are based on a well-known comprehensive theory (Wilkinson
and Reinsch [24]). Moreover, the LINPAKC (a complex extension of LINPACK)
routine works with positive semidefinite matrices. Yet, there is a problem with
standard Cholesky factorization in our setting. As long as the underlying Hermi-
tian matrix is positive definite, R is by definition upper-triangular with positive
elements along the diagonal. If it is of rank p, p < n — 1, and its principal p x p
minor is nonsingular, the algorithm produces a matrix R with n — p zero rows at
the bottom and, otherwise, the diagonal elements are positive. However, if the rank
is p < n — 1 but the principal p x p minor is singular, a Cholesky factorization
requires pivoting and it is no longer true that R*R = I +iN.

We wish the best of both worlds: both R in a standard form and a Cholesky-
like algorithm, that produces R without any need to compute square roots. This
is provided by the following straightforward extension of the Cholesky algorithm.
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We progress successively forming the kth row of R for k = 1,2, ..., p, where
p=rank(I +iN) <n—1.
Let M = N. Supposing that the first k — 1 rows of R are available, we note that

k n

2 2
bl =D Il = 1.
j=1 j=1

Thus,
k—1
> Il <1 4.9)
j=I

If the inequality above is sharp, we let

k—1 1/2
Fik = (1 -3 |rj,k|2) >0
j=1

and set

1 k—1
Fgg = — imkyl— f',kr',l s l=k+1,k+2,,l’l

It is trivial to confirm that the kth row of R is consistent with R*R = [ +1i M.

If there is an equality in (4.9) we replace R with R P, where P is the permuta-
tion matrix that cycles the columns k, k + 1,...,ntok+ 1,k +2,...,n, k and,
simultaneously, replace M by P, M P € so(n). Form the new sum Zf;ll |rj il
if it is strictly less than one, continue as above, otherwise continue cycling. We
can cycle at most n — k times. If the sum equals one in each case, then necessarily
rank(/ 4+ 1 N) = k and we can pad the bottom n — k rows of R with zeros.

The outcome of this procedure is an upper-triangular matrix R and a product P
of permutation matrices, such that R*"R =1 +iM = ﬁT(I + 1 N)I3. We finally
replace R by RPT, whereby R*R = [ 4+ 1 N, as required. Note that, unlike as in
standard Cholesky factorization, it is entirely possible that elements of R vanish
along the diagonal, but that the matrix is in a standard form.

We mention in passing an obvious amendment to the above procedure, full row
pivoting of R: instead of cycling the k, k + 1, ..., n columns when ry ; is zero,
we exchange columns in each step so that the new pivot element ry ; is the largest
possible. For large dimensions this procedure has the virtue of better stability.

As an example of our algorithm, consider

N =

[Nl
(= e Nele)
[Nl e)

0
—1
0
0
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and note that || N|| = 1. Fork = 1 weobtainr;; = 1,1, =iandri3 =r; 4 =0,
but k = 2 results in an equality in (4.9). We thus let

0 0 0

X X ©

M <« P, MP, =

SO O -
[N eNelle
X X X <
X X X =

0
0
—1i

(=R
(=R ]

X

Now (4.9) is sharp and r,» = 1, r23 = rp4 = 0. Likewise, for k = 3 we have
r33 = 1, r3.4 = 0. Finally, for k = 4 we have a row of zeros. Since P = P,, we
finally set

1 i 00
A 0 0 1 0
R<=RP=119 0901
0 0 0 O
in a standard form. It is trivial that, indeed, R*R =1 +1iN
4.3. An Example
Let
0 a b
N=|—a 0 cf,
—b — O

where a, b, c € R, a®> + b* + ¢* = 1. Itis easy to check that | N|| = 1. Assuming
for simplicity that |a| < 1, the procedure of Subsection 4.2 yields
1 ia ib

—ab +1ic
R=|0 +b24+c? —
Vb2 +¢?

0 0 0
Once we excise the bottom row, we obtain
1 0 0 .
a
i 0 Vb24+c2 — N
0 a b
0 c

Vb2 4 c?
consequently, by (4.7),
0

0
0
0

Ey\ =

(=Nl e)
[N eNel
(el R el )
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[—3a 0 0 INB 4 2
1 0o 0 IVp24e? 0
Eip = 27 ,
’ 0O O 3a 0
. 0 O 0 0
[ 1y < 0 L_
2 24/b? + 2 b 24/b?% + 2
a
0 0 R 0
E1’3 = 2/ b2 + c2 s
0 0 ! 0
c 0
0 0 _—
L 2+/b% + ¢ i
B 0 0 0 0
B, — —avb2+c2 0 0 b2+
22 = —a? 0 0 avb2+c2|’
L 0 0 0 0
B 0 0 0 0 7]
b(a®> —b*—c?)
—5C 0 —ab
24/b% + ¢
Eyz = b ac b(@®>—-b*—-c2) |,
—a = 2 7t
ac 24/b2 + 2 24/b? + ¢
—_ 0 0 1e
L 24/b2 + (2 : .
B 0 0 0 0 ]
ab? abc 0 a*b?
Vb2 +c? b2+ ¢? b? + 2
E3’3 = b2 bC 0 ab2
Pre | Jire
bc c? 0 abc
L Vb2 +¢? b+ ¢? b2+

The above basis does not share the symmetry implicit in reversing the order of
rows and columns of N. This is hardly an impediment, except perhaps on @sthetic
grounds, but we note as a matter of interest that, at least for n = 3, we can single
out a “symmetric” basis,

0 fa+o) ia-
0 0 0
0 0 0
0 0 0

9)

S oo™



142

E»

Ei3

E;»

Eys

E33

N —

=
S oo™ S O O R

S OO R

SO

Q

I
S
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1—%1; 1 b %c

%(a—i—c) %(a—c) ?b ’

Z((1+C) Z(G—C) zb
0 0 0

Ha—c¢) —3@+o 0
0 0 0
0 0 0|’

Ha4+c) a—-c 3b
0 00

b b c

~b b c|’

0 00
0 0 0

%(a—c) —fa+co) 0

z(al—C) _Z(?+C) 10
0 0 0
0 0 0
0 0 0}’

(a—c) —3a+c) 0

which is consistent with the commutation relations (4.2).
We mention in passing that it is possible—not by our algorithm, though—to de-
rive unfaithful representations for sufficiently sparse matrices N. For example, for

we might take

V2 1
4 2
Eii=|1 V2 V2
2 4 4
" 0 0
0 0 —1-—4+/2
Eiz=10 0
0 0

=[S

010
—1 0 O
0 0 0
M /2 2
0 V2 V2
Oﬂ 1,2___07
4 4
0 L O 0 O
B 2 1 2
V2o 1 V2
4 2 4
Ez’zzl_’_ﬁ _£ ol’
2 4 4
L 0 0 0
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0 0 1 000
Eys3=10 0 1++2|, E;3=[0 0 0f.
0 0 0 00 0

Clearly, E53 = O and the representation is not faithful. This, at the very least,
demonstrates the care that must be exercised in the construction of representations
for general N, since the absence of faithfulness might often be less obvious.

5. Concluding Remarks

Having commenced from equation (1.1), we proved that it is endowed with a Pois-
son structure and investigated invariants. Because of the relationship of Poisson
structures with flows along orbits in the dual to the corresponding Lie algebra g, we
have explored the issue of faithful representations and their numerical generation.

The problem of the faithful representation of a Lie algebra has been treated in
symbolic algebra and de Graff [9] has provided a very interesting algorithm. Yet,
the very generality of this algorithm is its downfall in specific applications, since
it produces representations of very large size. Ideally, we strive for minimal repre-
sentations, in practice we are willing to compromise on “tight” representations. In
Section 4 we have presented an algorithm that generates faithful representations
for commutation relations (4.2). Clearly, the algorithm is application-specific and
it is unlikely that a similar approach can be applied to a wider (or a different) set
of structure constants.

The construction of faithful Lie-algebraic representations has never, to the best
of our knowledge, been considered in a numerical-algebraic setting. We firmly
believe that, insofar as “tight” representations are concerned, this is the right way
forward. In the course of our research into more general isospectral flows and
Poisson systems, we have assembled a significant collection of structure constants
that obey the Jacobi identity. Only in a few cases are their faithful representations
known. A common thread running through all the cases when we have managed to
identify a faithful representation is that matrices are low-rank (in our case they are
of rank 2). It is premature to hypothesize whether this represents a valid general
approach.
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